The precipitation processes in a Cu-0.9 mass%Be alloy single crystal containing only G.P. zones parallel to the matrix (001) plane have been studied by high-resolution transmission electron microscopy. The precipitation sequence found is: G.P. zones ! 00 ! 0 I ! I þ 0 ! . The 00 phase has a two-layer structure of Be atoms separated by a matrix layer parallel to (001) , and a body-centered tetragonal (bct) lattice. The 2 2Þ habit plane and the orientation relationship, ð1 " 1 1 " 2 2Þ == ð0 " 1 1 " 2 2Þ 0 ; ½110 == ½100 0 (OR I), or the ð1 " 1 13Þ habit plane and the orientation relationship, ð1 " 1 13Þ == ð0 " 1 13Þ 0 ; ½110 == ½100 0 (OR II). The structure of 0 successively changes into that of the phase with a ¼ 0:280 nm for OR I or 0.268 nm for OR II. The precipitates of OR I and OR II are elongated along approximately ½1 " 1 11 and ½3 " 3 3 " 2 2 , which are in good agreement with the invariant-line directions.
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Introduction
The precipitation sequence in Cu-Be alloys has been extensively investigated. It is generally recognized on aging of supersaturated solid solution () that three metastable phases appear in the order of Guinier-Preston (G.P.) zones, 00 and 0 with increasing aging time prior to the precipitation of the equilibrium (CuBe) phase. It is widely accepted that the G.P. zones are composed of disk-shaped mono-layers of Be atoms on the {100} planes of the Cu-rich matrix, similar to the G.P. [I] zones in the Al-Cu system. The G.P. zone has been characterized by X-ray diffraction, 1, 2) transmission electron microscopy [3] [4] [5] [6] (TEM) and high-resolution TEM 7, 8) (HRTEM). However, there still exists a wide variety of interpretations in the literature as to the structure, morphology, crystallography and habit planes of the 00 , 0 and phases. For instance, according to Geisler et al., 9) the structure of 00 is body-centered monoclinic (bcm) with ¼ 85: 4 and a ¼ b ¼ 0:254 nm and c ¼ 0:324 nm. Shimizu et al. 10) have proposed that the 00 phase has a bodycentered tetragonal (bct) lattice with a ¼ b ¼ 0:253 nm and c ¼ 0:29 nm. In addition, two different kinds of the crystal structure of the 0 phase have been reported: one 6, [9] [10] [11] [12] is a bct lattice with a ¼ b ¼ 0:279 nm and c ¼ 0:254 nm advocated by Geisler et al. 9) and the other 10, 13, 14) is a bct lattice with a ¼ b ¼ 0:250 nm and c ¼ 0:354 nm reported by Gruhl and Wassermann. 13) In a previous paper, 15) we have found by TEM that application of the external stress during aging at 200 C induces the oriented precipitation of disk-shaped G.P. zones on {100} in single crystals of an Cu-0.9 mass%Be alloy. Compressive stress along the [001] direction induces preferential formation of the G.P. zones perpendicular to the stress axis and tensile stress induces the same parallel to the stress axis. It has also been shown that the G.P. zones transform continuously to the following 00 phase during aging.
In this paper, the transformation processes from G.P. zones to are studied by HRTEM using Cu-0.9 mass% Be single crystals containing only the G.P. zones perpendicular to the stress axis [001] . We have found the concurrent existence of the 00 phases with the bct lattice by Shimizu et al. 10) and the bcm lattice by Geisler et al., 9) and the 0 phases with the bct lattices by Geisler et al. 9) and Gruhl and Wassermann, 13) as will be shown later. The 00 phases by Shimizu et al. and Geisler et al. will be designated 00 and 0 I , respectively, and the 0 phases by Geisler et al. and Gruhl and Wassermann will be called 0 and I , respectively. In addition, the crystallography and morphology of precipitates from 00 to are examined in detail. The preferential growth of the precipitates along certain crystallographic directions has been revealed. The invariant-line strain model proposed by Dahmen and co-workers [16] [17] [18] will be utilized to analyze the growth directions of the precipitates.
Experimental Details
A Cu-0.9 mass% Be alloy was prepared from Cu (purity, 99.99%) and a Cu-3.81 mass% Be mother alloy. Sheetshaped single crystals, 2 mm thick, of the alloy were grown in a graphite crucible by the Bridgman method using a seed crystal. The surface of the single crystals was parallel to the (110) plane. Specimens with compressive axis along [001] were spark cut from the single crystal. The specimens had a cross-section of 2 mm Â 4 mm and a length of 5 mm. All the specimens were solution treated at 820 C for 2 h, quenched into water and subsequently aged at 200 C for 35 h under an applied stress of 50 MPa (stress aging). The compressivestress aging produced the disk-shaped G.P. zones alone perpendicular to the [001] axis.
15) The stress-aged specimens were then aged at 275, 375 and 425 C for various times under no stress (free aging). X-ray analysis was carried out to measure the lattice parameters of the stress-aged and subsequently free-aged specimens. The lattice parameters were utilized to analyze selected-area diffraction patterns.
Thin foils for TEM observations were prepared by slicing the stress-aged and free-aged specimens with a spark cutter and by electropolishing using a solution of 67% methanol and 33% nitric acid at À30 C and 6.5 V in a twin-jet electropolisher. HRTEM and TEM observations were carried out in a HITACHI H-9000NAR microscope operated at 300 kV. Electron micrographs were taken with the objective lens at or near to Scherzer defocus. Small variations in the defocus did not significantly affect the appearance of lattice fringes of precipitates. The two-layer precipitates were primarily formed, as observed in Fig. 1(a) . Intensity maxima in the streaks along the h002i direction in the SADP are seen near the 2/3{002} and 1/2{202} reciprocal-lattice positions. These are a feature of 00 precipitates, according to Rioja and Laughlin. 6) In the two-layer precipitates of Figs An inset in Fig. 1(c) is the simulated image of the 00 phase obtained with specimen thickness = 20 nm and Scherzer defocus Á f ¼ 40 nm, based on the structure proposed by Shimizu et al.
10) The simulations were performed using the multi-slice method. The microscope parameters used were: high voltage HV ¼ 300 kV, spherical aberration Cs ¼ 0:7 mm, spread of the focus = 5 nm and slice thickness = 0.3 nm. Figure 2 (a) depicts a HRTEM image and a corresponding
[110] SADP of the specimen, stress-aged and free-aged at 275 C for 48 h. Nearly plate-shaped precipitates consisting of eight Be-layers were most observed in the specimen. Figure 2 (b) is a magnified view of an eight-layer precipitate. Although the SADP in Fig. 2(a) indicates the existence of the 00 phase, the structure of the precipitate in Fig. 2 (b) is apparently different from that in Fig. 1(c) . The mean spacings of lattice fringes corresponding to the (100), (010) and (001) In Fig. 4 , the lattice parameter values of b, c and are shown as a function of the number of (001) layers of Be atoms. The data were taken from the specimens which had been aged at 275 C for 16 h and 48 h. The values of a and b were identical for each number of Be layers. The axial angle and the b axis were 90:0 AE 0:3 and 0:254 AE 0:004 nm, independent of the number of Be layers. The c axis increases and the angle decreases up to five Be-layers, both of c and remain almost constant up to about ten layers, and then c decreases and increases. The structure of the two-layer precipitate apparently differs from that of the precipitates consisting of five to about ten layers.
Geisler et al. 9) have observed a phase with {100} habit planes to form after the G.P. zones. They have concluded, based on X-ray diffraction results, that the structure of 00 is bcm with a ¼ b ¼ 0:254 nm and c ¼ 0:324 nm and ¼ 85:4 . These values are nearly identical to the lattice parameter values of a ¼ b ¼ 0:254 nm and c ¼ 0:324 and ¼ 86:8 for the five-to ten-layer precipitates. On the basis of diffuse X-ray intensity measurement results, Koo and Cohen 19) have claimed that the 00 phase is a monoclinic ordered Cu-Be array which arises from a distortion of four bct cells in the matrix. This array is very similar to the present bcm lattice. On the other hand, Shimizu et al. 10) have attributed the 2/3{002} reflection to the piling up of G.P. zones on every other {001} . Not accounting for any accommodation by strain, the 00 phase would thus have a bct lattice with a ¼ b ¼ 0:253 nm and c ¼ 0:29 nm. These values are coincident with the lattice parameter values of b ¼ 0:254 nm and c ¼ 0:291 nm for the two-layer precipitates. In the present study therefore, the phases of the twolayer precipitate and the five-to ten-layer precipitate are designated 00 and 0 I , respectively. All G.P. zones and 00 and 0 I precipitates were perpendicular to the [001] stress axis, as described above. Thus, it is concluded that the 0 I phase does not independently nucleate but consecutively transform from the GP zones via 00 during aging.
As revealed in Fig. 1(c) , the Bain orientation relationship is satisfied between the 00 phase and the surrounding Cu matrix:
ð001Þ == ð001Þ 00 ; ½110 == ½100 00 :
The 0 I phase in Fig. 2(b) also exhibits the Bain relationship to the matrix. Previous to these results, the crystallographic orientation of the 00 phase with respect to the matrix had been suggested to be the Bain relationship according to Shimizu et al., 10) and ð " 1 1 " 1 11Þ == ð " 1 110Þ 00 ; ½ " 1 110 == ½001 00 , which is the well known Nishiyama-Wassermann (N-W) relationship, according to Geisler et al. Fig. 6 , where there are extra reflections from precipitates (with ORs I-1, I-2, II-1 and II-2, which will be shown later). The precipitate reflections give a ¼ 0:254 AE 0:003 nm. This value also was obtained from measurements on lattice fringes corresponding to the precipitate (100) plane. Geisler et al. 9) and some other researchers 6, [10] [11] [12] reported the 0 phase with almost the same lattice parameter values. The structure of the 0 phase is a bct lattice having a Be atom at the body center. On the other hand, analyses of the precipitate {100} lattice fringes and the [001] SADPs (Fig. 6 reveal that the portion A, consisting of about ten Be-layers, is bct with a ¼ b ¼ 0:254 AE 0:003 nm and c ¼ 0:352 AE 0:005 nm. Gruhl and Wassermann 13) reported a bct phase which they called 0 , with a ¼ b ¼ 0:250 nm and c ¼ 0:354 nm. This phase is termed I in the present study. The I phase is not stable and no longer observed after the transformation to the equilibrium phase. The portion B is composed of about seven Be-layers and is the one in which the structure of the I phase gradually changes into that of the 0 phase. The 0 phase appeared from about the eighteenth Be-layers.
Corresponding to the formation of the I and 0 phases, the intensity maximum near the 2/3(002) reciprocal-lattice position in Figs. 1(a) and 2(a) fanned out into an arrowheadlike shape, as observed by several researchers, 6 ,10,12) and precipitates are very thin plates, their habit planes would be ð1 " 1 1 " 2 2Þ and ð1 " 1 13Þ . In fact, both the ð1 " 1 1 " 2 2Þ and ð1 " 1 13Þ habit planes were concurrently observed, as shown in Fig. 5(a) . The orientations of the habit planes were determined by tilting the precipitates until the facet habit planes were accurately edge-on. Geisler et al. 9) reported a {112} habit plane for the 0 phase. Rioja and Laughlin 6) showed that the 0 phase first formed with a {112} habit plane, but later changed its habit plane to the {113} . However, both the habit planes were simultaneously found in the present work.
As seen in Figs. 5(b) and (c), the I phase shows the Bain orientation relationship to the matrix: ð001Þ == ð001Þ I ; ½110 == ½100 I . In Fig. 6 , there exist only reflections from the I phase with this orientation. Therefore, the structure of the in agreement with those reported by Geisler et al. 9) and Rioja and Laughlin. 6) For the 0 phase with the ð1 " 1 1 " 3 3Þ habit plane, the angle between the ½1 " 1 11 and ½0 " 1 11 0 directions is about 3.5 . Therefore the 0 phase aligns with the Cu matrix according to the following orientation:
This orientation relationship is reported by Shimizu et al.,
10)
Bonfield and Edwards 12) and Rioja and Laughlin. 6) Hereafter, the former or latter orientation will be expressed as orientation (OR) I-1 or II-1. An analysis of the dark-field micrographs taken with some reflections of the 0 phase revealed that about half of precipitates examined had the OR I-1 or II-1 with the matrix. When precipitates were observed using the TEM specimen parallel to ð1 " 1 10Þ , about half of the precipitates exhibited the orientation relationship, ð112Þ == ð102Þ 0 ; ½1 " 1 10 == ½0 " 1 10 0 or ð11 " 3 3Þ == ð10 " 3 3Þ 0 ; ½1 " 1 10 == ½0 " 1 10 0 , to the matrix, which will be referred to as OR I-2 or II-2. Figure 7 summarizes the observed orientations and habit planes of 0 precipitates in a (110) stereographic projection. If the ORs I-1, II-1, I-2 and II-2 are assumed to have the N-W orientation, there exist four variants in the present work. In the N-W relationship, one directional parallelism has four planar parallelisms as represented. Since there are three independent directional parallelisms, the orientation relationship has twelve variants in total. Therefore, the orientations of the 0 phase originate from that of the I phase.
Whether a 0 precipitate has the ð1 " 1 1 " 2 2Þ habit plane and OR I-1 or the ð1 " 1 13Þ habit plane and OR II-1 must be determined when the precipitate exists as the I phase. However, such an indication in the I phase was not detected.
phase
The transformation from the 0 phase to the equilibrium phase caused no changes in the orientations and the habit planes of precipitates. Also, the I phase was no longer observed in precipitates. Figures 8(a) and (b) show a HRTEM image of two precipitates labeled C and D in the specimen, free-aged at 275 C for 144 h, 375 C for 240 h and then 425 C for 800 h, and a magnified view of an area labeled E in the image. misorientation angle of about 15 is formed. Such coalescences of precipitates were often observed from an early stage of precipitation, as exemplified by the arrows in Fig. 2(a) .
The lattice parameter of the phase was determined from careful measurements on precipitate reflections in the [110] SADPs (Fig. 8(c) ) and [001] SADPs (Fig. 9(a) ), and on the spacings of the lattice fringes corresponding to the (100) , (010) and (001) planes. We found a ¼ b ¼ c ¼ 0:280 AE 0:002 nm for the OR I-1 and a ¼ b ¼ c ¼ 0:268 AE 0:003 nm for the OR II-1. The 0 to phase transformation brought about an increase in the a axis from 0.254 nm to 0.280 nm for I-1 or to 0.268 nm for II-1, and an increase in the b and c axes from 0.268 nm to 0.280 nm for I-1 or no change in the b and c axes for II-1. The measured lattice parameter a ¼ 0:268 nm for II-1 is in accordance with that a ¼ 0:27 nm for the phase with the B2 structure, reported by Geisler et al.
9) The measured value for I-1, on the other hand, is significantly larger than the previously reported value.
Geisler et al. 9) showed that the phase had the {111} habit plane and the N-W orientation relationship with the matrix. In order to determine the habit plane of the phase, specimens of a Cu-2 wt% Be alloy which had been slowly cooled from 850 C above the solvus temperature were used. Thus, the phase seems to have formed directly from the supersaturated matrix. On the other hand, Rioja and Laughlin 6) observed the Bain orientation relationship, when the phase formed after the 0 phase. The determination of the orientation relationship was performed from an analysis of a h001i SADP, in which there exist precipitate spots and spots due to double diffraction. The SADP is very similar to the SADP of Fig. 9 . It should be noted, however, that the four precipitate reflections in Fig. 9 originate from the precipitates with the different ORs I-1, I-2, II-1 and II-2. Therefore, the determination of the orientation relationship using a h001i SADP alone may be unsuitable.
Morphology of
0 and precipitates Hereafter, the shape of the 0 and precipitates is assumed to be a spheroid described in the x-y-z coordinates by 20) determined the threedimensional particle geometry of the 0 precipitates from data on small angle X-ray scattering at single crystals, and (Fig. 8(a) ) shows that the average sizes of I-1 precipitates are 40, 170 and 800 nm in the directions ½1 " 1 1 " 2 2 , [110] and ½ " 1 11 " 1 1 , respectively. Using TEM images from [110] and ½1 " 1 13 , the growth direction inclined from ½3 " 3 3 " 2 2 by 3.6 and the identical sizes were found for the OR II-1. The two growth directions are shown in Fig. 7 . In the following, we will use the invariant-line strain model to analyze the growth directions of the precipitates.
The concept of invariant-line strain in diffusion-controlled transformation was first proposed by Dahmen and coworkers. [16] [17] [18] In the invariant-line strain model, a homogeneous strain can be expressed mathematically as a linear homogeneous transformation given by a transformation matrix. If two principal strains are opposite sign, there must exist a set of vectors, which remain unextended, but in general undergo a rigid body rotation during the phase transformation. The appropriate rigid body rotation, bringing these vectors to their original positions, produces an invariant line. According to previous studies in the literature, [16] [17] [18] [21] [22] [23] growth directions often coincide with the directions of invariant lines. Let us consider the interfaces between ð1 " 1 1 " 2 2Þ and ð0 " 1 1 " 2 2Þ planes for the OR I-1 and between ð1 " 1 13Þ and ð0 " 1 13Þ planes for the OR II-1 (see Figs. 12 and 13) . Two mutual perpendicular directions, x and y on the ð1 " 1 1 " 2 2Þ or ð1 " 1 13Þ plane and x and y on the ð0 " 1 1 " 2 2Þ or ð0 " 1 13Þ plane, are defined. In the present work, x ¼ ½110 and y ¼ ½ " 2 22 " 2 2 on ð1 " 1 1 " 2 2Þ , x ¼ ½200 and y ¼ ½02 " 1 1 on ð0 " 1 1 " 2 2Þ , x ¼ ½110 and y ¼ ½3 " 3 3 " 2 2 on ð1 " 1 13Þ , and x ¼ ½200 and y ¼ ½0 " 6 6 " 2 2 on ð0 " 1 13Þ . The orientation relationship is considered to be determined by the invariant-line criterion. [16] [17] [18] Using the lattice parameters of the phase (a ) and the phase (a ), the atomic arrangement of the ð1 " 1 1 " 2 2Þ or ð1 " 1 13Þ plane can be converted into that of the ð0 " 1 1 " 2 2Þ or ð0 " 1 13Þ plane by a homogeneous transformation with the principal distortions x and y defined as x ¼ jx ja =jx ja and y ¼ jy ja =jy ja . Then the rotation angle to realize the invariant-line condition can be found as [16] [17] [18] cos
Using the lattice parameter values of a ¼ 0:361 nm and a ¼ 0:268 or 0.280 nm, we obtain ¼ 0:13 or 0.24 for the OR I-1 or II-1. These angles are very close to ¼ 0 for the observed relationships.
The angle between the x -direction and the invariant line satisfies Figure 12 shows the superposition of the ð1 " 1 1 " 2 2Þ and ð0 " 1 1 " 2 2Þ planes, satisfying the rotation angle ¼ 0:13 calculated from eq. (1). Figure 13 268 nm must change into a ¼ 0:280 nm, which is in good agreement with the measured value of a ¼ 0:280 nm. Therefore, the changes in lattice parameter accompanying the 0 to transformation appear to take place so as to satisfy the invariant-line condition. Kato et al. 24) have conducted calculations based on isotropic elasticity for needle-shaped inclusions with tetragonal misfit strains and elastic constants f times those of the surrounding matrix, and adopted the strain-energy minimization criterion to predict the optimum direction of the needle. It has been shown that, at the limit of f ! 1, the strainenergy minimization criterion and the purely geometrical invariant-line criterion predict the essentially identical
